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Abstract: Research in gold (Au) geomicrobiology has developed extensively over the last ten years,
as more Au-bearing materials from around the world point towards a consistent story: That microbes
interact with Au. In weathering environments, Au is mobile, taking the form of oxidized, soluble
complexes or reduced, elemental Au nanoparticles. The transition of Au between aqueous and solid
states is attributed to varying geochemical conditions, catalyzed in part by the biosphere. Hence,
a global Au-biogeochemical-cycle was proposed. The primary focus of this mini-review is to reflect
upon the biogeochemical processes that contribute to what we currently know about Au cycling.
In general, the global Au-biogeochemical-cycle begins with the liberation of gold-silver particles
from a primary host rock, by physical weathering. Through oxidative-complexation, inorganic
and organic soluble-Au complexes are produced. However, in the presence of microbes or other
reductants—e.g., clays and Fe-oxides—these Au complexes can be destabilized. The reduction of
soluble Au ultimately leads to the bioprecipitation and biomineralization of Au, the product of which
can aggregate into larger structures, thereby completing the Au cycle. Evidence of these processes
have been “recorded” in the preservation of secondary Au structures that have been observed on
Au particles from around the world. These structures—i.e., nanometer-size to micrometer-size
Au dissolution and reprecipitation features—are “snap shots” of biogeochemical influences on Au,
during its journey in Earth-surface environments. Therefore, microbes can have a profound effect on
the occurrence of Au in natural environments, given the nutrients necessary for microbial metabolism
are sustained and Au is in the system.
Keywords: gold-biogeochemical-cycling; microorganisms; bacteria; biomineralization; gold
nanoparticles; soluble gold; secondary gold; gold dissolution/reprecipitation; gold transport; gold
kinetic mobility; gold particles; gold nuggets
1. Introduction
Gold is a precious metal that has been sought-after since antiquity, due to its rarity, inertness, color,
and malleability. With increasing advances in technology, Au has found a greater use in electronic
and biomedical applications, which has contributed to the socioeconomic and cultural demand
of this commodity. It has been estimated that Au has an average concentration ranging between
1.3–1.5 µg/kg−1 in the Earth’s crust [1,2]. However, Au is not evenly distributed since deposits often
contain Au concentrations 104 times higher than the crustal average [1,3]. Gold deposits are broadly
categorized as either primary or secondary. In general, primary Au deposits are often associated with
quartz and polymetallic sulfide minerals, formed in high-pressure and temperature environments deep
below the Earth’s surface. When primary sources are subjected to uplift and/or physical weathering
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(e.g., eluvial, colluvial or (glacio)-fluvial processes), secondary Au deposits (i.e., placers) can eventually
be formed. During weathering, Au is “liberated” and often occurs as variously-sized particles, also
known as Au nuggets, grains, and flour Au [3–6]. It has been estimated that 183,000 tonnes of Au have
been mined, with about a quarter being derived from secondary (placer) deposits [1]. Based on current
global demands, the need to supply Au will continue well into the future, despite the increasingly
reduced availability of conventional economically and environmentally-viable sources.
Bacteria and Archaea are considered to be the simplest form of life that are capable of metabolism.
They have existed for billions of years and are ubiquitous in nature [7]. Metabolically-active microbes
are capable of altering the geochemistry of their surrounding environment, for example, by catalyzing
redox reactions, and adapting to conditions that would be considered extreme by other forms of
life [8–11]. In terms of Au geomicrobiology, the earliest studies have shown that various
microorganisms can solubilize Au (i.e., Chromobacterium violaceum [12]) or reduce soluble Au to
form elemental Au nanoparticles (i.e., Bacillus subtilis [13]). These early studies have provided the
basis for further research, demonstrating that Au dissolution and precipitation processes are often
linked to the cycling of other elements, such as carbon, iron and sulphur [11,14–16]. More importantly,
they have been important for the development of a hypothetical model that describes a global,
Au-biogeochemical-cycle, driven by microbes [17]. In this holistic model, bacteria directly influence Au
solubilization, Au-nanoparticle formation, nanoparticle aggregation, and Au (re)distribution within
the natural environment. This model provides us with a perspective for viewing the mobility of Au
and how it can “travel” under near-surface, environmental conditions.
From a materials perspective, the extent to which simple forms of life can influence the state
of Au is remarkable, especially since this precious metal has traditionally been considered inert,
and therefore, immobile. In light of these bacterial-Au interactions, it is worth considering greater
applications of the biosphere with regards resource exploration and recovery. To date, biotechnology
for industrial-scale Au production is underused [18,19]. Gold biogeochemistry will provide novel
sampling-media, such as biosensors and bioindicators, or strategies to expand our current ability to
trace Au, during exploration. Applications such as these enhance detection of Au anomalies in natural
soils and sediment, and identify additional targets for exploration [20]. An improved understanding of
biogeochemical processes will also provide promising outcomes for the recovery of Au from materials
that are conventionally considered waste (i.e., mine-tailings, sewage sludge, and outdated electronics).
Previous reviews on Au geomicrobiology have largely focused on fundamental processes for
the purpose of potential exploration [14,21]. The objective of this mini-review is to highlight the
influence of microbes on the biogeochemical cycling of Au under surface and near-surface conditions,
by reflecting upon a variety of interdisciplinary studies that have contributed to the field of Au
geomicrobiology. In doing so, we hope to provide a comprehensive glimpse of Au geomicrobiology
and impart a greater appreciation of how life plays an important role in Au-biogeochemical-cycling.
2. Soluble Gold Complexes
Elemental Au is derived from primary or secondary sources. It can be dissolved in the presence of
strong oxidizing agents and coordinating ligands, to form soluble-Au(I) or Au(III) complexes [22–25].
The formation of such complexes is dependent on the availability of oxidizing agents and ligands,
which are influenced by the (bio)geochemistry of the surrounding environment [22,26–29]. From a
geochemical perspective, chloride (Cl−) and thiosulfate (S2O32−) are considered the two-most-likely
coordinating ligands for the solubilization of Au. In saline to hypersaline environments, AuCl4− would
likely be the dominant, soluble-Au complex, since excess Cl− ions would be available as a coordinating
ligand [26] (Reaction (1)). However, in environments where Cl− ions are less abundant, thiosulfate
(S2O32−) compounds are considered an important coordinating ligand that forms soluble Au(S2O3)23−.
Thiosulfate and other polythionates are produced during the (bio)oxidative weathering of metal
sulphides. Therefore, (S2O32−) is reasonably considered to be a likely coordinating ligand, especially if
elemental Au or Au/Ag alloys are closely associated with primary, metal-sulfide minerals [26–28,30]
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(see Reactions (2) and (3). Note that M represents metal). Cyanide (CN−), an inorganic acid, can also act
as a coordinating ligand to form Au(CN)2−, which has been detected in waters from Au mine-tailings
and bores [24,31]. At mine sites, CN− can be derived from anthropogenic sources that were released
during leaching processes, e.g., heap-leaching of Au-bearing ores [32]. In natural environments, some
microbes, such as C. violaceum, are known to produce CN− as a by-product of metabolism and have
been shown to solubilize elemental Au [12,33,34] (see Reaction (4)). It is important to note that under
surface conditions, a number of organic Au complexes can occur. This is because organic acids, such








(aq) → 2AuCl2−(aq) + H2O(aq) (1)
MS2(s) + 6M3+(aq) + 3H2O(aq) → S2O32−(aq) + 7M2+(aq) + 6H+(aq) (2)
2Au0(s) + 2S4O6
2−
(aq) + 2H2O(aq) + M2+(aq) → 2Au(S2O3)23−(aq) + 4H+(aq) + MO2(s) (3)












Hydrogeologic regimes are physically and chemically-dynamic systems. Therefore, it is important
to consider that physical factors, such as convective mixing of different groundwaters, can affect
the mobility and transport of soluble-Au complexes [23,41]. Chemical factors, such as ambient pH,
can influence the stability of soluble-Au complexes. For example, Au(S2O3)23− is generally more
stable under pH neutral conditions, whereas Au(III)-chloride complexes are more stable under acidic
conditions [22]. Additionally, Au(I) complexes are generally considered to be less stable and more
transitory, as they can readily dissociate into elemental Au and Au(III). The existence of Au(III) has
been confirmed in circum-neutral, saline waters [24]. Therefore, the speciation of Au in any given
environment must also be considered dynamic, as the formation of various soluble-Au complexes can
occur. In the context of Au-biogeochemical-cycling, understanding how the formation of soluble Au
occurs is important for understanding its mobility in near-surface environments.
3. Gold Biomineralization and Biochemistry
The dispersion and (re)concentration of metals in natural environments by biogeochemical
processes was first suggested by Goldschmidt [42]. Approximately half a century later, microbial cell
walls were identified as important structures separating intracellular and extracellular environments,
as well as playing a role in mineral nucleation [43,44]. In general, the net negative charge of
microbial cell surfaces is responsible for metal ionization and binding. This passive biomineralization
mediated by biological systems is a mechanism in which mineral precipitates can nucleate on cellular
“templates” [11,44,45]. In the context of Au biomineralization, multiple studies have assessed the
reduction mechanisms and capacities of various metabolizing and non-metabolizing microorganisms,
when exposed to a variety of different soluble-Au complexes [13,15,16,46–54]. The exposure of microbes
to soluble-Au complexes often results in the extracellular or intracellular formation of nanophase
Au0 colloids or crystals [13,15,16,46–50], as seen in Figure 1. These secondary-Au structures are
formed, as organic material acts as a source of electrons, which can be stripped away by oxidized Au
(see Reaction (5)). Therefore, cell envelopes function as kinetic factors that directly reduce soluble-Au
complexes, forming elemental Au in the form of nanophase colloids, as well as crystalline structures.
It is important to remember that heavy metals are often highly cytotoxic. This includes soluble-Au
complexes. Soluble metals are capable of causing cells to lyse, thereby releasing intracellular material.
When these organic materials are released into the surrounding environment, they can act as additional
reducing-agents for the reduction of the soluble metal [16,55]. The resilience of biofilms to the toxic
effects of soluble Au has been demonstrated [16]. Cells located at the biofilm-fluid-interface are often
directly exposed to Au-bearing solutions. The reduction of soluble Au by cells at this interface protects
cells deeper within the biofilm from the toxic effects of soluble Au. This suggests a sustained mode of
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Au biomineralization and highlights the potential for the mobility of Au as nanoparticles, as well as the
accumulation of these nanoparticles to form larger structures. Therefore, in near-surface environments,
biomineralization has the potential to be a continuous process, so long as the metabolic growth of
microbes is sustained [11,16].
Au+(aq) + CHO2
−
(s) → Au0(s) + CHO2(s) (5)
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distally from the cell. Interaction of soluble Au with delftibactin produces nanophase Au in the form
of pseudo-spheres and octahedral platelets, as shown in Figure 1D. Similarly, Cupriavidus metallidurans
is a metallophilic bacterium that contributes to the bacterial diversity of biofilms living on the surface
of Au particles from numerous sites, worldwide. It has been shown to mediate Au detoxification
and biomineralization by a series of specific mechanisms [57–59]. In general, Au(III) complexes,
as well as Cu(II) ions, can enter into the periplasmic space of bacterial cells. These soluble metals
become reduced upon contact with the cell, forming Au(I) and Cu(I), respectively. They are then
transported into the cytoplasm. While certain Cu(I) concentrations are beneficial for cells to carry out
metabolic functions, a surplus of Cu is toxic and must be eliminated. As such, Cu(I) is transferred
to the periplasm by P-type ATPase CupA and deposited to the cell’s exterior by the trans-envelope
efflux system, CusCBA. In the cytoplasm, Au(III) can bind to CupC, thereby inhibiting the Cu(I) efflux
pump, CupA [58]. This pump is then unable to export surplus cytoplasmic Cu(I). The inhibition of
these pumps by Au(III) is responsible for the observed synergistic Cu and Au toxicity that can occur in
auriferous environments [58]. Therefore, C. metallidurans is able to counteract the synergistic toxicity of
cytoplasmic Cu(I) and Au(I) by CopA- and O2-dependent oxidation to Au(III). Au(III) is then exported
to the periplasm, where it is directly reduced to nanophase Au0. These reactions reduce the toxicity of
soluble-Au complexes by actively reducing soluble Au to its elemental form [60].
8Fe3+(aq) + Au(S2O3)2
3−
(aq) + 5H2O(aq) → Au+(aq) + S2O32−(aq) + 2SO42−(aq) + 10H+(aq) (6)
S2O32−(aq) + H2O(aq) + H
+
(aq) → H2SO4(aq) + HS−(aq) (7)
2Au+(aq) + HS
−
(aq) → Au2S(s) + H+(aq) (8)
Au+(aq) + Fe
2+
(aq/s) → Au0(s) + Fe2+(aq) (9)
HAuCl4(aq) + FeS(s) → Au0(s) + Fe3+(aq) + S(aq) + 3Cl−(aq) + HCl(aq) (10)
4. Gold Particle Transformation
A better understanding of Au-biogeochemical-cycling has been attained through a range of
studies looking at the structure and chemistry of placer Au particles. Studies that have observed
microbes on the surface of placer Au particles, as well as the detection of microbial communities, have
provided additional insight into the biogeochemical cycling of Au [17,61–67]. Gold derived from a
primary source, (e.g., hydrothermal or epithermal, Au-rich porphyry or Au-rich-porphyry-Cu deposits)
often occurs as an alloy with varying amounts of silver (Ag). The Au:Ag ratio of these alloys is a
signature that is indicative of the type of primary source from which the alloy was derived [5,68–71].
From epithermal sources, such as the San Salvador veins of the Capillitas mine, Au can occur as
micrometer-sized, irregularly-shaped, Au-Ag inclusions that are hosted within a polymetallic sulfide
mineral [72,73]. The dissolution of polymetallic sulfides is catalyzed by chemolithotrophic bacteria,
such as iron- or sulfur-oxidizers [74–76]. It has been demonstrated that bacterially-catalyzed dissolution
of Au-bearing metal sulfide minerals can release Au–Ag inclusions. In one study, liberated inclusions
occurred as buoyant, hydrophobic particles. More importantly, this study highlighted the extent to
which microbial processes could act on primary sources, thereby producing placer Au particles [77].
Although pure Au particles exist, placer Au particles from around the globe often contain three
structural features: A Au-Ag alloy core, a Au-enriched rim, and secondary Au structures. While
these features are common on all particles, their expression is highly variable and reflects the unique
journey of transformation that this Au particle has undergone. The overall morphologies of Au
particles have been described in terms of shape and length of the longest axes, perpendicular short
axes, and heights. These physical qualities, attributed to mechanical reshaping, have been used as
indicators for how far Au particles have been transported from their respective primary origin [68].
While Au:Ag ratios of cores reflect the origin of Au particles, Au-enrichment of particles reflect the
extent of biogeochemical weathering that particles experienced under near-surface conditions. Gold
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enrichment is often characterized as rims that occur at the outer edge of particles in cross section.
These rims can vary in thickness and are often composed of pure (>99 wt %) Au. Polymorphic layers
are comprised of clay minerals, residual organic material, bacterial cells, and secondary Au structures.
These layers often occur within crevices, which is to say, topographically-low regions, at the surface of
Au particles [64,66,67,78]. Secondary Au structures are nanometer–micrometer-scale features that occur
on Au particles. With increasing sophistication of electron microscopes, the characterization of these
secondary Au structures has greatly improved, thereby providing a better understanding of Au-particle
transformation. Secondary Au structures can be broadly categorized into two groups, based on the
processes that contribute to their formation: Au/Ag dissolution and Au reprecipitation. It is the
balance between these two, biogeochemical processes that drives the cycling of Au and contributes to
the transformation of Au particles. The solubilization of Au and Ag from Au particles (for example,
by dealloying or (bacterially-catalyzed) solubilization) leads to the formation of dissolution features
which include striations, porous structures, and bacteriomorphic Au [62,66,67,77,79,80]. These features
are attributed to (bio)geochemical-dissolution processes, as striations often occur along Au crystal
boundaries [80]. Bacteriomorphic Au also contains a crystalline fabric, containing both Au and
Ag, which is reminiscent of the primary material [66]. As previously mentioned, dissolved Au
occurs as soluble-Au complexes that can be directly reduced by bacteria or other organic/inorganic
reductants, to form pure, Au0 nanoparticles. While these nanoparticles often appear quasi-spherical
in shape, they are actually nanophase crystals. At micrometer-scales, euhedral crystals are more
clearly-defined and variability in structures is apparent, as shown in Figure 2. It is important to keep
in mind that Au-dissolution processes, acting on a Au particle, can also act upon Au nanoparticles,
thereby increasing structural variability. Therefore, it is reasonable to deduce that, with increased
Au solubilization from an Au particle, subsequent reduction of the soluble complex will either form
more abundant nanoparticles or allow nanoparticles to grow in size. Additionally, secondary Au
structures can be physically altered during mechanical re-shaping, which suggests a balance between
(bio)geochemical and mechanical weathering processes. Therefore, secondary Au structures are
relicts—physical evidence of past, biogeochemical processes that have transformed particle surfaces
and have attributed, in part, to the activity of microbes [61,66,67,77,81], as shown in Figure 3.
Interestingly, Au particles that exhibited a greater extent of transformation also contained biofilms
with a more-specialized, metal-tolerant, microbial community [61,67]. Though Au is conventionally
considered an inert metal, the interaction between microbes and Au particles highlights not only an
influence of bacteria on Au-particle-structure and chemistry, but on microbial diversity as well, with
regards increased resistance to Au toxicity.
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Figure 2. i - ifi icr r of t o octahedral, u platelets, partial y
e bedded ithin clay inerals ( ). A false-colored BSC SE micrograph of the octahedral platelet
(ar ow in (A) , rotated ca. 38◦. as li s i li t t six of the eight sides of this euhedral
crystal (B) [64]. These types of nanoparticles co o l occ r on the surface of placer Au particles
(e.g., inset, (A) .
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Figure 3. A schematic diagram of the Au biogeochemical cycle occurring at the surface of a placer Au
particle, using a false-color SE SEM micrograph of a focus-ion-beam (FIB)-milled cross-section through
a polymorphic layer: the interface where Au dissolution and reprecipitation processes occur. A BSC
SEM micrograph of an above view of the polymorphic layer (inset). Bacteriomorphic Au structures
are interpreted to be part of the primary particle core, as both contain an Au/Ag crystalline fabric.
Gold/Ag dissolution lead to the reduced size of the primary core and the formation of bacteriomorphic
structures. Intuitively, these structures would eventually be completely dissolved over time. Solubilized
Au can be “lost” to the surrounding environment or can be precipitated as Au nanoparticles. The
accumulation and aggregation of pure Au nanoparticles can lead to the development of Au-enriched
rims. Overall, Au-biogeochemical-cycling contributes to the transformation of placer Au particles.
5. Secondary Gold Transport and Kinetics of Gold Biogeochemical Cycling
As previously highlighted, microbes contribute to the dissolution and precipitation of Au.
Evidence of this biogeochemical, Au cycle is supported by the str cture and chemistry of placer
Au particles and the functional capabilities of the biofilms det cted on them. Since Au nanoparticles
are formed from the reduction of soluble-Au c mplexes, th mobility of Au nanoparticles is also
worth considering. In addition to microbes, various clay inerals, S- or Fe-bearing complexes, and
other mi erals have been shown to act as reducing agents for solubl -Au complexes, lea ing to
the formation of Au nanoparticles [82–86]. Therefore, it is reasonable to suggest that in the natural
environment Au nanoparticles are mobile within hydrogeological regimes. However, organic materi l,
clays, and Fe-beari g minerals have also e n shown to readily adsorb Au nanoparticles, renderi g
them immobile [87–89]. Biofilms act like glue, by trapping nanoph se Au particles and gr dually
accumulating ore Au nanoparticles ver time. When these Au-encrusted biofilms are subjected to
sedimentation processes, the accumul ted Au nanoparticles become aggregated i to larger nugget-siz
particles [90]. The formatio of th e Au particles from biogeochemically-produced, Au nanoparticles
su gests that there are some Au particles that are compl tely compos d of secondary Au in the
natural environment.
A better understanding of the dyna ics of Au occurrence (i.e., soluble-Au complexes, Au particles,
and u nanoparticles), as well as Au mobility within hydrogeological regimes, will provide the
opportunity to assess the kinetics of Au-biogeochemical-cycling in any given environ ent. Of the two
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processes constituting the biogeochemical cycling of Au, we have seen that Au reprecipitation occurs
rapidly. Therefore, the Au dissolution process can be considered the rate-limiting step. The formation
of Au nanoparticles from the reduction of soluble-Au complexes produces a normal distribution
of nanophase, pseudo-spheres of varying sizes. Variation in nanoparticle sizes depends on the
concentration of soluble Au, as well as the availability of a reducing agent [91]. In some Au particles,
the sizes of Au nanoparticles have a multimodal distribution, suggesting that punctuated episodes of
Au-particle dissolution and reprecipitation likely occurred [66]. For example, from a subtropical-placer
environment, it has been determined that the duration of one biogeochemical cycle of Au was
7.64 ± 4.06 years [66]. From a geological perspective, this is extraordinarily fast. Therefore, it is worth
considering how much Au could be dissolved and subsequently re-precipitated during a single cycle or
how long it could take for an entire primary Au particle to be completely transformed. Relict structures
of Au-dissolution and reprecipitation processes have been observed from a variety of Au particles
from around the globe [17,54,62,64,66,67,81,92]; however, the kinetics of biogeochemical-Au-cycling
would intuitively be variable, as each depositional environment has its own unique physiochemical,
climatic, and biological characteristics. Additionally, hydromechanical factors also have an influence
on the mobility and distribution of placer Au particles and soluble Au complexes. It is also important
to note that microbes also have an influence on the biogeochemistry of other precious metals, such
as platinum and silver [33,93–95]. Therefore, it is reasonable to suggest that the kinetic mobility of
Au-biogeochemical-cycling could act as a model for other precious metals.
6. Conclusions
Gold is a precious metal that has been valued since antiquity for its stored value and aesthetic
qualities. The element’s unique physical and chemical properties have arguably been the axiom
for its rich and colorful history in research and in the desire to discover new sources to supply our
self-generated demand. With increasing utilization of Au in modern technological and biomedical
applications, Au will continue to be appreciated beyond aesthetics. Hence, more interdisciplinary,
geomicrobiological research, whether it be geologically- or biologically-focused, is important for
understanding the dynamics of Au. In this mini-review, we have briefly discussed how microbes
contribute to global Au-biogeochemical-cycling under surface and near-surface conditions. We have
also discussed how the perpetuity of this cycle existed in the past and could continue into the future.
In geomicrobiological research of Au (or any studies involving microbe-mineral interactions), it is
important to think of the “big picture” and keep an “open mind,” as data can be interpreted from
different perspectives. As we reflect upon some of the research involving microbe-mineral interactions,
one can develop a general appreciation of time. Our valuing of time depends on how we measure and
use it: Whether it be for understanding microbially-catalyzed Au dissolution/precipitation processes,
estimating the kinetics of Au-particle transformation, or advancing the field of Au-geomicrobiology.
As such, the timeless quality of Au itself transcends the socioeconomic and cultural value we project
onto it.
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